Introduction
The type I interferons (IFNs) [1] are prototypical members of the family of helical cytokines [2] . These IFNs bind to a heteromeric receptor composed of two subunits, IFNaR1 and IFNaR2 [3, 4] , which utilize the JAK tyrosine kinases, Jak1 and Tyk2, and STAT transcription factors, including Stat1 and Stat2, to modulate gene transcription [5] . IFN binding triggers receptor dimerization and activation of the receptor associated JAKs, which in turn phosphorylate a key tyrosine residue on IFNaR1, creating a docking site for Stat2 [6] . Stat2 and Stat1 are subsequently phosphorylated, and assemble into heterodimeric complexes via reciprocal SH2-phosphotyrosine interactions [7] . The STAT heterodimer associates with interferon regulatory factor 9 (Irf9) forming the ISGF3 complex, then translocates to the nucleus and binds to the interferonstimulated gene response element, which is located upstream of a large number of IFNregulated genes [8, 9] .
In contrast to such tyrosine kinase driven signaling, regulated intramembrane proteolysis is a mechanistically simple and evolutionarily conserved mechanism for initiating signaling from a membrane protein localized either to the cell surface or an organelle membrane [10, 11] . The key biochemical event is the cleavage of a peptide bond within a transmembrane domain, with concomitant release of the extracellular and/or intracellular domains. One of the best characterized examples of RIP is signaling via the receptor Notch [12] . An initial, regulated cleavage within a juxtamembrane region of the extracellular domain, mediated by the metalloprotease TACE (also known as ADAM-17), releases the extracellular domain [13, 14] . The residual membrane-bound stub is further processed by the intramembrane proteases presenilin (PS) 1 and/or 2, which are part of a multi-protein complex known as gsecretase [15] . This cleavage event releases the intracellular domain, which translocates to the nucleus and regulates gene transcription [16] . While Notch seems to signal exclusively via RIP, other receptors utilize RIP in conjunction with kinase signaling mechanisms.
For example, signaling by HER4, a receptor protein tyrosine kinase that is sequentially processed by TACE and presenilins [17, 18] , requires both proteolytic processing and intact kinase activity [19, 20] .
We have recently found that phorbol ester and type I IFNs induce proteolytic cleavage of the IFNaR2 receptor subunit in a manner that resembles the two-step RIP cleavage of Notch [21] . Subsequently, we demonstrated that the intracellular domain of IFNaR2 (IFNaR2-ICD) can mediate gene transcription in a Stat2 dependent manner [22] .
In this report, we investigate additional aspects of the regulated proteolysis of this receptor, demonstrating that Stat2 and Irf9 can facilitate the translocation of the IFNaR2-ICD to the nucleus.
Material and methods

Cell culture
Human embryonic kidney HEK293T cells (H. Young, Columbia University, College of Physicians and Surgeons, USA) were grown in Dulbecco's modification of Eagle's media, plus 10% heatinactivated fetal calf serum. Mutant cell lines (Stat2-deficient U6A cells [23] and Irf9-deficient U2A cells [24] ) derived from a human fibrosarcoma cell line (HT1080) were obtained from G. Stark (Lerner Research Institute, USA) and grown in the same media.
Plasmid DNA constructs
Plasmids encoding glutathione-S-transferase (GST) fused to the IFNaR2-ICD (GST-ICD and GSTICDm1, containing alanines in place of the acidic residues DEDD at codons 435-438; Fig. 1A ) were described previously [25] . PfuI polymerase was used to amplify the wild type IFNaR2-ICD (or an m1 mutant with alanines at codons 435-438 in place of DEDD) which spans amino acids 265 to the carboxyl terminus. This DNA was digested with EcoRI and ligated into pEGFP (Clontech) to create plasmids encoding GFP-ICD and GFP-ICDm1 (Fig. 1A) . T o create a plasmid encoding Stat2-D235 lacking GFP (Fig. 1B) , an EcoRI fragment from pGFP-Stat2-D235 (provided by N. Reich (Stony Brook University, USA) [26] ) containing the open reading frame (ORF) of Stat2-D235 was cloned into the eukaryotic expression vector pMT2T (a new stop codon was derived from the vector sequence). A plasmid encoding an aminoterminally FLAG tagged Irf9 (pEF-FLAG-huIRF9) was prepared using PfuI polymerase to amplify the Irf9 ORF from pCMV-huIRF9 (from D. Levy, New York University School of Medicine, USA). This was cloned into the MluI site of the eukaryotic expression vector pEF, which contains an initiation codon and aminoterminal FLAG tag cassette (Fig. 1C) . Similarly, plasmids encoding the two halves of Irf9 (Fig. 1C) were constructed by PCR and cloned into pEF to generate amino-terminally FLAG tagged versions. The plasmid pEF-FLAG-huIRF9-Cter encodes residues 199-393 of the full length Irf9; pEF-FLAGhuIRF9-Nter encodes residues 1-199. A plasmid encoding a GFP-Irf9 fusion construct (pEGFP-Irf9) was provided by C. Horvath (Evanston Northwestern Healthcare, USA) [27] . A plasmid (pEGFP-Irf9-5A) containing mutations in five residues of the bipartite NLS (KKKRR-66,68,70,83,85-AAAAA) was produced by two step, overlap PCR [28] , which generated a PstI-HindIII fragment containing the mutations in residues 66, 68 and 70. This fragment was digested and cloned into a plasmid encoding a version of GFPIrf9 with mutations at residues 83 and 85 (also from C. Horvath). The plasmid pEF-FLAG-huIRF9-5A (encoding a Flag-tagged Irf9 NLS mutant) was prepared by amplifying the Irf9 ORF from pEGFPIrf9-5A as described above. All PCR-derived plasmid constructs were sequenced.
Affinity precipitation and immunoblotting
GST fusion proteins were prepared from bacteria expressing the fusion coding sequences under lacZ operator control. Cultures were grown to an A600 of 0.6, induced for 3 h by the addition of 100 mM isopropyl-beta-D-thiogalactopyranoside, pelleted, and lysed by the addition of lysozyme (100 µg/mL). The lysate was sonicated, insoluble protein and debris were pelleted and the supernatant was incubated with glutathione-agarose beads (Sigma) and washed with 100 mM NaCl, 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 1% Triton X-100, 0.1% Sarkosyl to recover fusion proteins bound to beads. Next, affinity precipitation was performed by incubating the bead-bound fusion proteins with appropriate post-nuclear supernatants of lysates from HEK293T cells, transfected with the appropriate constructs, using calcium-phosphate precipitates [25, 29] . Two days post-transfection, cells were lysed in 1% NP40 and Tris-buffered saline (pH 8.0), as described previously [25] . After washing in 100 mM NaCl, 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 1% NP40, bound protein complexes were eluted in sample buffer, electrophoresed on SDSpolyacrylamide gels, immunoblotted to nitrocellulose, blocked in 5% non-fat dry milk dissolved in TBS plus 0.2% Tween-20 and probed overnight at room temperature with antibodies. The primary antibodies were either a rabbit anti-human Stat2 antibody (from C. Schindler, Columbia University, USA) directed against amino acids 661-806 (used at 1:25,000 dilution) or a rabbit anti-FLAG antibody (F7425, Sigma; used at 1:5,000 dilution). Filters were washed, incubated with goat anti-rabbit horseradish peroxidase linked secondary antibody (Pierce) for 2-4 h at room temperature, washed and finally incubated with chemiluminescence reagent (Super Signal West Pico; Pierce) and then exposed to film ( Fig. 2A) or a cooled charged-coupled digital camera (Kodak 4000R) (Fig. 2B) .
Fluorescence microscopy
U6A cells (1.2 x 10 3 cells seeded into 24-well cluster dishes the night before) were transfected with 0.5 µg of GFP-ICD plasmid and 1 µg of additional plasmids as appropriate in individual experiments, using 2 µL of Lipofectamine and 3 µL of PLUS reagent (Invitrogen), following the manufacturer's directions. In some cases, U6A cells were transfected with similar volumes of Lipofectamine-2000. After 1 d, cells were trypsinized and re-seeded on 22 mm glass coverslips in 3.5-cm dishes. U2A cells (seeded as per U6A cells) were transfected with 2.5 µg of appropriate GFP-ICD encoding plasmid, 2.5 µg of appropriate Stat2 expressing plasmid and/or 0.5 µg of an Irf9 expressing plasmid, using a calcium-phosphate transfection protocol [25, 29] . Five hours posttransfection, cells were subjected to glycerol shock (20% glycerol in 150 mM NaCl, 10 mM Tris-HCl pH 7.4), trypsinized and re-seeded on coverslips in 3.5 cm dishes. HEK293T cells were transfected essentially as described for U2A cells, except that 8.0 x 10 5 cells were seeded the night before into 6-cm dishes, 10 µg of plasmid DNA was used and coverslips were coated with fibronectin (10 µg/mL diluted into media) prior to cell attachment. One or two days following transfection, cells adherent to the coverslips were fixed with 4% (w/v) paraformaldehyde in phosphatebuffered saline, counterstained with Hoechst 332581 and visualized under a Nikon Eclipse E600 fluorescent microscope. Images were captured with a Spot RT digital camera and accompanying software (Spot v3.5.9). All cells were photographed under identical exposure time and gain settings. Photos were coded and blinded observers scored fluorescence intensity by eye, using a scale of 0, 1 and 2, corresponding to no fluorescence, weak fluorescence and strong fluorescence. Images are representative of reproducible results selected from 2-5 independent experiments.
Statistical analysis
Confidence intervals for the nuclear fluorescence data scored at 2 in Figs 
Results
The IFNaR2-ICD forms a complex with Stat2 and Irf9
Previously, we demonstrated that the IFNaR2 intracellular domain can translocate to the nucleus [21] , suggesting that the ICD either contains an inherent NLS or binds to other proteins that facilitate nuclear translocation. In addition, we confirmed earlier reports [30] [31] [32] that the intracellular portion of IFNaR2 binds Stat2 in a constitutive, ligand-independent manner [25, 33] . Since Irf9 is known to bind Stat2 [34, 35] , we hypothesized that Stat2 recruits Irf9 into a complex with the IFNaR2-ICD. Irf9, which contains a DNA binding domain (DBD) [36] and a nuclear localization signal (NLS) [26, 27] , might in turn provide one or both of these functions to a tri-molecular complex consisting of the IFNaR2-ICD, Stat2 and Irf9. To determine if Stat2 can serve as an adaptor physically linking the IFNaR2-ICD to Irf9, an affinity precipitation protocol was employed. Bacterial GST proteins, fused to the wild type IFNaR2 intracellular domain (GST-ICD) or a mutant version (GST-ICDm1), were partially purified on agaroseglutathione beads. In the ICDm1 mutation, four acidic residues (DEDD) have been converted to alanines (Fig. 1A) , generating a version of the IFNaR2-ICD which binds Stat2 weakly [25] . HEK293T cells were transfected with either Stat2 or FLAGtagged Irf9, separately or in combination, and the resulting lysates were incubated with the bead-bound GST fusion proteins. The complexes were eluted from the beads and immunoblotted with the indicated antibodies ( Fig. 2A) . The GST-ICD fusion bound Irf9 only in cells over-expressing Stat2 (compare lanes 1 and 2), indicating that Irf9 binds the IFNaR2-ICD via Stat2. The affinity precipitation of Stat2 and, therefore, Irf9 was greatly reduced when the GST-ICDm1 fusion was employed (compare lanes 1 and 4), supporting the idea that the IFNaR2-ICD binds Irf9 via Stat2.
The carboxyl terminus of Irf9 is required for Stat2 dependent binding to the IFNaR2-ICD
The carboxyl terminal 193 amino acids of Irf9 bind Stat2 in the context of the ISGF3 complex which forms following type I interferon (IFN) binding to its cognate receptors [34] . To confirm that this same domain mediates Stat2 binding in the context of the IFNaR2-ICD complex, we constructed amino-and carboxyl-terminal truncated versions of Irf9 (N-Irf9 and CIrf9, respectively; see Fig. 1C ). The GST-ICD fusion affinity precipitated Stat2 equally in each case (Fig. 2B , upper panels; Stat2 corresponds to the slower migrating band). However, only the C-Irf9 protein was affinity precipitated from the same lysates (Fig. 2B, middle panels) . Thus, Irf9 binds Stat2 when it is part of an IFNaR2-ICD complex in the same manner that it binds the Stat2-Stat1 dimer within the ISGF3 complex.
Stat2 is required for IFNaR2-ICD nuclear import
One possible mechanism for IFNaR2-ICD movement to the nucleus is via the NLS of Irf9. Since Stat2 tethers Irf9 to the IFNaR2-ICD (Fig. 2) , then Stat2 might be required for nuclear transit of the complex. To test this possibility, we employed a construct in which GFP is fused to the IFNaR2-ICD, and a cell line (U6A) deficient in the expression of Stat2. Previously, we have shown that following transient transfection, GFP-ICD localized to the nucleus of U2OS cells [21] . In contrast, in U6A cells, GFP-ICD was predominantly cytoplasmic (Fig. 3, transfection I ). Complementation with wild type Stat2 shifted the GFP-ICD protein into the nucleus (Fig. 3, transfection II) . As a control, we also examined the sub-cellular localization of the GFP-ICD fusion carrying the m1 mutation that substantially disrupts Stat2 binding. This construct failed to translocate to the nucleus even when cells were complemented with wild type Stat2 (Fig. 3 , transfections III-IV), suggesting that Stat2 must be present and bound to the IFNaR2-ICD to facilitate the accumulation of the IFNaR2-ICD in the nucleus. Two statistical comparisons support these observations. First, focusing on the percentage of nuclei displaying strong GFP fluorescence (scored 2 in Fig. 3) , there is an increase from <15% among all of the control transfections (I, III and IV) to ~50% in the cells transfected with wild type Stat2 (II), with no overlap in the 95% confidence interval (CI) between II and I, III or IV (see Supplementary data, Table S1 ). Second, pair-wise application of the Mann-Whitney U-test (see Materials and methods) to the aggregate data from each transfection reveals that the nuclear fluorescence in transfection II differs from that in transfections I, III or IV (p < 0.01; Table  S1 ).
Irf9 is also required for IFNaR2-ICD nuclear import
Since Irf9 forms a tri-molecular complex with IFNaR2-ICD and Stat2 (Fig.  2) and contains an NLS [26, 27] , we examined the role of Irf9 in the nuclear import of the IFNaR2-ICD. The experimental approach was identical to that used in Fig. 3 , again employing Stat2-deficient U6A cells and complementing the cells with either wild type Stat2 or a Stat2-D235 construct that does not bind Irf9 [26] .
Similar to full length Stat2, Stat2-D235 bound the IFNaR2-ICD (data not shown). If Irf9 must bind Stat2 to facilitate nuclear translocation of the IFNaR2-ICD, then when U6A cells are transfected with GFP-ICD and Stat2-D235, the GFP-ICD should remain predominantly in the cytoplasm. Fig. 4 shows that, as predicted, the Stat2-D235 construct is ineffective in moving the GFP-ICD protein to the nucleus (compare transfections I and III).
However, complementation with wild type Stat2 produced an increase in IFNaR2-ICD nuclear localization (Fig. 4, transfection II) , very similar to the results shown in Fig. 3 , transfection II. The difference in the intensity of nuclear fluorescence of cells shown in transfections II and III in Fig. 4 is significant, based on the same two statistical criteria used in Fig. 3 (see Supplementary data, Table S2 ).
To confirm the role of Irf9 in the nuclear import of the IFNaR2-ICD, we again monitored the sub-cellular localization of the GFP-ICD construct, this time employing Irf9-deficient U2A cells in place of Stat2-deficient U6A cells. The GFP-ICD was predominantly cytoplasmic in U2A cells (Fig. 5A, transfection I) , suggesting that Irf9 was indeed required for the nuclear translocation of the IFNaR2-ICD. When the GFP-ICD transfected U2A cells were complemented with wild type Irf9 (Fig. 5A , transfection II), the level of nuclear fluorescence was not significantly increased, indicating that the IFNaR2-ICD remained predominantly cytoplasmic. Assuming that Stat2 acts as a bridge to link the IFNaR2-ICD to Irf9, one possible explanation for this latter observation is that the endogenous level of Stat2 in the U2A cells was insufficient to perform the bridging function on the over-expressed proteins in the experiment.
Specifically, we hypothesized that there was not enough endogenous Stat2 to allow for the formation, and subsequent translocation, of a detectable number of GFP-ICD-Stat2-Irf9 ternary complexes into the nuclei of the transfected cells. Indeed, correcting this possible 'imbalance' by also over-expressing wild type Stat2 markedly increased the level of nuclear GFP-ICD (Fig. 5A , compare transfections II and III). In contrast, coexpression of the Stat2-D235 construct with Irf9 was unable to induce nuclear accumulation of the GFP-ICD (Fig. 5A , transfection IV), confirming the adaptor function of Stat2 in the process of nuclear translocation. The increase in nuclear fluorescence for transfection III was statistically significant relative to the control transfections (see Supplementary data, Table S3 ). A control experiment was also performed to demonstrate that, in Irf9 deficient U2A cells, over-expression of wild type Stat2 alone did not alter the nuclear localization of the GFP-ICD (Fig. 5B and Supplementary data, Table S4 ).
The Irf9 NLS is required for IFNaR2-ICD nuclear import
Lau et al. [27] previously identified a bipartite NLS located within the DBD of Irf9. They employed a GST-Irf9 fusion protein to show that mutations in either half of the bipartite NLS reduced the nuclear localization of Irf9. To test the physiological relevance of the Irf9 NLS, we substituted five alanines for basic residues in both halves of the NLS (Irf9-5A; see Fig. 1C and Materials and methods) and transfected this construct into 293T cells.
Consistent with the observations of Lau et al. [27] this mutant form of Irf9 demonstrated a decrease in nuclear localization and a corresponding increase in cytoplasmic fluorescence (Supplementary data, Fig. S1 ). To evaluate the role of the Irf9 NLS in IFNaR2-ICD nuclear translocation, we performed an experiment similar to that in Fig. 5A , introducing GFP-ICD, Stat2 and Irf9 or Irf9-5A into Irf9-deficient U2A cells, and scoring for nuclear fluorescence. Mutation of the Irf9 NLS significantly inhibited nuclear localization of the GFP-ICD (Fig. 6 , compare transfection II with transfections I and III, also see Supplemental data, Table  S5 ), consistent with our hypothesis that the Irf9 NLS directs the IFNaR2-ICD to the nucleus.
Discussion
Multiple lines of biochemical and genetic evidence support a role for canonical JAK-STAT signaling downstream from the type I interferon receptor [2, 5, 8] . However, as in the case of HER4, tyrosine kinase and STAT driven signaling can function coordinately with RIP signaling [19, 20] . While investigating the canonical JAK-STAT pathway for IFN signaling [25, 33] , we demonstrated that i) Stat2 can bind IFNaR2 constitutively; ii) this binding is s t r o n g e r t h a n t h e b i n d i n g o f phosphorylated-IFNaR1 to Stat2 that occurs following IFN-driven receptor dimerization; and iii) the IFNaR2-Stat2 interaction is not required for canonical JAK-STAT signaling/gene regulation. These findings suggested that IFNaR2 might signal by other, non-canonical mechanisms and, indeed, we subsequently found that this subunit of the IFN receptor is proteolytically cleaved in a regulated manner that resembles signaling by other RIP substrates [21] . We also showed that the receptor ICD can modulate transcription via the TAD of the bound Stat2 molecule [22] . Moreover, we have recently demonstrated that IFNaR2 is a substrate for TACE (unpublished data, A. Saleh, P.P. and J.J.K.), which cleaves IFNaR2 in the extracellular domain, generating a transmembrane anchored 'stub' containing a short residual extracellular domain. It is believed that once such TACE cleavage has occurred, the stub is then constitutively processed by an intramembrane protease to liberate the ICD from the membrane [37] .
A diverse group of >36 membrane proteins have been identified as substrates of the g-secretase intramembrane protease complex [37] . It has been suggested that RIP may have initially evolved as a mechanism for degrading residual fragments of membrane anchored proteins, but it is now abundantly clear that the liberated ICDs are functional [37] . In particular, at least 16 g-secretase generated ICDs have been localized to the nucleus and at least 10 modulate transcription [38] , including well characterized examples such as HER4 [17, 39, 40] and Notch [41] . Some RIP substrates, such as SREBP-2 and ErbB4, contain an NLS within the ICD, that mediates nuclear transit following cleavage. In the case of HER4, a classical argininerich NLS has been identified [39] , while a non-standard NLS that binds ß-importin has been identified in SREBP2 [42] . These NLS motifs are non-functional when the ICD is tethered to the cell surface as part of the intact receptor, but direct nuclear transit of the ICD following intramembrane cleavage. For those receptors lacking an NLS in the ICD, associating proteins might provide such a signal.
In attempting to identify a mechanism for moving the IFNaR2 ICD to the nucleus, we noted that the IFNaR2 ICD binds constitutively to Stat2 [25] which in turn binds Irf9 [34, 35] . Stat2 contains a conditional NLS which is only active when Stat2 dimerizes with Stat1 and forms the ISGF3 complex [43, 44] . Since the ICD can transit to the nucleus in a ligand independent fashion [21] , under conditions where little or no STAT dimerization occurs, it seems unlikely that Stat2 is directly providing an NLS for the ICD. Unphosphorylated Stat2 can also move to the nucleus due to its association with Irf9, which contains an arginine-lysine rich bipartite NLS (Fig. 1C) [27] . However, Stat2 possesses a strong nuclear export signal that over-rides the Irf9 NLS when these two proteins are assembled in a binary complex. Thus, while Stat2 (and Irf9) shuttle between the nucleus and cytoplasm, these two proteins reside predominately in the cytoplasm in the absence of IFN [26] . In this report, we sought to test the idea that when the IFNaR2 ICD is present in the cytoplasm, it forms a ternary complex with Irf9 and Stat2. Under these conditions Irf9, bound to the IFNaR2 ICD indirectly via Stat2, promotes the movement of this trimolecular complex to the nucleus. This would represent a novel mechanism for delivering Stat2 to the nucleus.
First, we used an in vitro binding assay to show that Stat2, Irf9 and the IFNaR2 ICD form a tri-molecular complex ( Fig. 2A) . A GST-ICD fusion protein was able to affinity precipitate Irf9 only from cells expressing Stat2, consistent with Stat2 functioning as an adaptor between IFNaR2-ICD and Irf9. This is further supported by the observation that a mutant version of IFNaR2 (IFNaR2-ICDm1; Fig. 1B ) previously shown to bind weakly to Stat2, was significantly less avid in binding Irf9 ( Fig. 2A) . Others have also demonstrated the formation of a complex containing Irf9 and Stat2 bound to the intracellular portion of IFNaR2 [45] . In this latter case, Irf9 binds IFNaR2 directly, not via Stat2, and the interaction is dependent on receptor lysine acetylation. Moreover, this is likely to be a distinct complex from the one we have characterized, as it is formed with the intact receptor and appears to play a role in canonical signaling.
Next, we employed a GFP-ICD fusion construct as a surrogate to study the movement of the IFNaR2-ICD-Stat2-Irf9 complex inside cells. Previously, we have shown that GFP-ICD is predominately nuclear in cells expressing the wild type Stat2 and Irf9 proteins [21] . In Stat2 deficient U6A cells, GFP-ICD was predominantly cytoplasmic, but mobilized to the nucleus when these cells are complemented with wild type Stat2 (Fig. 3) . A version of GFP-ICD which binds Stat2 w e a k l y ( G F P -I C D m 1 ) [ 2 5 ] w a s predominantly cytoplasmic even when U6A cells were complemented with Stat2, demonstrating that binding to Stat2 is required. These findings are, like those of the affinity precipitation studies in Fig. 2 , consistent with the hypothesis that Stat2 is an adaptor. Taken together, the data point to a critical role of Stat2 in the tri-molecular complex and demonstrate that strong binding of Stat2 to the IFNaR2-ICD is required for nuclear transit of the IFNaR2-ICD.
To explore the role of Irf9, we first demonstrated that the carboxyl-terminus of Irf9 was sufficient to form the IFNaR2-ICDStat2 complex (Fig. 2B) . This is consistent with a prior report that Stat2 binds to Irf9 in this region [34] and supports our hypothesis that Irf9 binds the ICD via Stat2. Three sets of experiments, each monitoring the subcellular localization of the fluorescence of GFP-ICD, demonstrated a functional role for Irf9 in the nuclear transit of the ICD. In the first case (Fig. 4) , the GFP-ICD was mainly nuclear when Stat2-deficient cells were complemented with wild type Stat2, but mostly nuclear when we employed a Stat2 deletion construct (Stat2-D 235) lacking the carboxyl terminal 235 amino acids responsible for Irf9 binding. In the second set, GFP-ICD did not translocate to the nucleus in absence of Irf9, consistent with our hypothesis that Irf9 is required for IFNaR2-ICD nuclear transit (Fig. 5) . Surprisingly, the GFP-ICD construct remained predominantly cytoplasmic when I r f 9 -d e f i c i e n t ( U 2 A ) cells w e r e complemented with Irf9 (Fig. 5A) . If Stat2 links the ICD to Irf9, then one possibility is that relatively low endogenous levels of Stat2 are not sufficient to translocate a detectable number of GFP-ICD molecules to the nucleus. Indeed, co-expression of Stat2 resulted in significant nuclear mobilization of the ICD. Control experiments (Fig. 5B) showed that GFP-ICD nuclear transit is not simply an artifact of Stat2 expression in the absence of Irf9. Finally, a third set of experiments (Fig. 6 ) demonstrated that the Irf9 NLS was critical for the nuclear translocation of the ICD. Specifically, mutating five key residues within the bipartite NLS of Irf9 prevented nuclear localization.
Conclusions
The data in this report, along with previously published data, allow us to begin to formulate a model for RIP signaling via IFNaR2. We propose that the initial step is TACE activation via PKC-d, a probable TACE activator [46] which can be triggered by type I IFNs [47] . PKC-d activation is likely a result of JAK kinase activation. TACE cleaves IFNaR2 near the TMD, shedding the ectodomain and g e n e r a t i n g a t r a n s m e m b r a n e stub (unpublished data, A. Saleh, P.P. and J.J.K.). The stub is subsequently cleaved in a constitutive manner by the g -secretase protease complex, containing PS1 and PS2 [21] .
We now propose that this intramembrane cleavage event liberates the IFNaR2-ICD from the membrane as a complex with Stat2 and Irf9, with Stat2 tethering Irf9 to the ICD.
Irf9 then provides a nuclear localization signal to move the ICD to the nucleus. We have previously shown that ICDbound Stat2 can modulate transcription via its TAD [22] . While it remains to be determined if the ICD complex does indeed regulate physiological gene expression and whether regulated proteolysis mediates the IFN response, this report further supports the possibility of RIP signaling via an IFN receptor. 1-3) , GST-ICDm1 (lanes 4-6) or GST (lanes 7-9) and the protein complexes were immunoblotted. The filter was stained, cut in two and the lower molecular weight proteins (<80 kD) were incubated with anti-FLAG antibody, while the higher molecular weight proteins were incubated with anti-Stat2 antibody, as indicated. Part of the Ponceau red stained filter (Stained) is shown to demonstrate GST protein recovery. The lower molecular weight bands in lanes 1-6 are GST degradation products. B, the carboxyl-terminal domain of Irf9 is required for Stat2 binding to IFNaR2-ICD. HEK293T cells were transfected and processed as in A, with plasmids encoding the indicated constructs (see Fig. 1C ). In the anti-Stat2 immunoblot, Stat2 is the upper band. Lanes 5 and 6 show the input lysates representing ~2% of the material used in the affinity precipitations. Stat2-deficient U6A cells were transiently transfected with plasmids encoding wild type (wt) or mutant (m1) forms of the IFNaR2-ICD fused to GFP (GFP-ICD) plus either vector or wild type Stat2-encoding (Stat2-wt) plasmids, as indicated. Cells were fixed, stained with a nuclear dye, visualized under a fluorescent microscope and the percentage of nuclei at each level of green fluorescence intensity was scored as described in the Materials and methods, and plotted at the top. Cells displaying the highest level of fluorescence were scored 2. Statistical analysis of the plotted data is shown in the Supplement (Table S1 ). Representative cells from each transfected culture are shown in the bottom part of the figure. In each pair of columns, images on the left correspond to blue fluorescence due to nuclear staining, while those on the right correspond to green fluorescence due to GFP. Fig. 4 . Stat2 must interact with Irf9 to facilitate nuclear localization of GFP-ICD. Stat2-deficient U6A cells were transiently transfected with plasmids encoding IFNaR2-ICD fused to GFP (GFP-ICDwt) plus plasmids encoding either vector, wild type Stat2 or Stat2D235, as indicated. Similar to Fig. 3 , cells were processed, visualized and scored; statistical analysis of the plotted data is shown in the Supplement (Table S2) (Table S5 ) and representative cells from two of the transfected cultures are shown in the bottom part of the figure.
